A two-compartment closed model was used to characterize the cell trafficking behavior of helper T cells in response to
INTRODUCTION
Corticosteroids have profound effects on circulating immunocompetent cells and are therefore often used for their immune-modulating properties. Single doses of corticosteroids result in a transient lymphopenia, basopenia, and eosinopenia. The decrease in the number of lymphocytes is primarily due to redistribution of these cells out of the vasculature and into extravascular lymphoid tissues (1) (2) (3) . Lymphocytes, however, are a heterogeneous population and the T lymphocytes are depleted to a greater extent than the Supported in part by grant GM 24211 from the National Institutes of General Medical Sciences, National Institutes of Health. ~Departments of Pharmaceutics and Pharmacy, School of Pharmacy, State University of New York at Buffalo, and Department of Pharmacy, Buffalo General Hospital, Buffalo, New York. 2To whom correspondence should be addressed at Hochstetter 565, Department of Pharmaceutics, School of Pharmacy, State University of New York at Buffalo, Buffalo, New York. B lymphocytes, with the helper T subset exhibiting the most pronounced reduction following a corticosteroid dose (1, 4, 5) . This particular T cell subset is an integral component in a variety of pathophysiologic states and immunologic responses, including allograft rejection. Therefore, it is important to understand the dose-and time-response pattern of these cells following corticosteroid administration.
A pharmacodynamic model for basophil cell trafficking following corticosteroid administration was developed previously (6) . In this paper, we extend the basophil model to incorporate the baseline circadian rhythm of helper T cells and to describe their disposition following an intravenous dose of methylprednisolone. This model extends and supercedes the helper T cell model previously developed in our laboratory (7, 8) . It provides a more mechanistic description of the circadian rhythm governing cell influx into blood and the use of differential equations allows greater flexibility for application of the model for any pharmacokinetic process describing drug input and disposition.
THEORETICAL
Numerous studies have demonstrated a circadian rhythm of helper T lymphocytes in the bloodstream, with peak cell counts occurring during the night and nadirs during the day (8) (9) (10) (11) . The cells equilibrate between the intravascular compartment and extravascular sites such as the thoracic duct lymph, certain areas of the spleen, lymph nodes, and bone marrow (2) . If the extravascular sites are considered as one large homogeneous compartment, a two-compartment model ( Fig. 1 ) adequately describes the physiologic movement of cells between the blood and the extravascular sites. Cell movement out of the bloodstream is directed by a first-order rate constant kt, and is directly proportional to the number of helper T cells in the blood 
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(TH). Cell return to the blood is governed by a circadian rhythm, with the overall trafficking process described by
where Rrn is the mean return rate of helper T cells into the blood, Rb is the amplitude of this rate, TH is the number of helper T cells per volume of blood, T is the clock time, tz is the acrophase or peak time of the function, and the ratio 2~r/24 converts clock time to radians.
Following the administration of intravenous methylprednisolone, there is an immediate decline in vascular helper T lymphocytes. The nadir usually occurs around 4 to 6 hr after the dose, and eventually cell counts return to baseline values. It is hypothesized that corticosteroids distribute rapidly to sites of action and directly inhibit the return of helper T cells to the blood without affecting the egress of cells from the blood. Studies with labeled lymphocytes in rats have shown this to be the primary mechanism of effect of prednisolone (12) . This inhibition is assumed to be reversible and concentration dependent and can be described by 
) dt
A net response parameter was developed to determine the overall effect of various doses of methylprednisolone on helper T cells. This parameter ABEC is defined as the area between the baseline and effect curves
where AUCBo_, is the area under the baseline curve from time 0 to time t, and AUCEo_t is the corresponding area under the effect curves. The previous model (7) directly characterizes helper T concentrations in blood (TH) using the following relationship:
where Rm and Rb represent the mean and amplitude of cell concentrations in blood (rather than entry rate) and T and tz are as previously defined, and THo is the initial helper T cell count. That model (Eq. 6) characterizes changes in the absolute number of helper T cells, whereas the present model describes changes in the rate of cell movement. The baseline T cell circadian parameters for the two models can be interrelated by examination of Eq. (1) at pseudosteady state
TH, the average helper T cell concentrations over 24 hr, can be described by
Since TH is common to both models, and was directly used to describe helper T cell concentrations in the Dunn et al. (7) model, the Rm and Rb parameters can be interconverted via Eq. (8) .
METHODS
The pharmacodynamic model was developed using the data of Fisher et al. (13) . Briefly, six healthy male volunteers received 20 mg of methylprednisolone as the sodium succinate salt at either 8 AM or 4 I'M, or no drug, in a randomized fashion. Subjects were synchronized to an activity period from 8 AM to midnight and a rest period from midnight to 8 AM the following morning. A sufficient number of blood samples was collected over a 24-hr period to characterize the corticosteroid and helper T cell profiles. Methylprednisolone plasma concentrations were determined using an HPLC assay (13) . Helper T cell counts were determined by reacting the whole blood sample with monoclonal antibody (CD4+), lysing the sample, and subsequently analyzing the cells on a flow cytometer. The data from studies in normal (14) and obese men (7) were also utilized to evaluate the model. The dose versus helper-T cell data obtained in one previous study (14) were not reported at that time. The methods of all of these studies are similar.
The PCNONLIN computer program (Statistical Consultants Inc., Lexington, KY) was used to fit the model to the experimental data. Examination of the helper T cell count versus time plots assisted in obtaining initial conditions and parameter estimates. Simulations of expected responses of helper T cells to a wide range of methylprednisolone doses (0 to 1000 mg) was done using PCNONLIN. Average parameters for the kinetic and dynamic constants were used in the simulations.
Statistical analysis included a paired t test to compare parameters between models, and a one-way ANOVA to evaluate pharmacodynamic parameters between three studies. All results were considered significant at the P < 0.05 level.
RESULTS
Model Fitting
In all three studies from our laboratory methylprednisolone concentration vs. time data could adequately be described by a monoexponential equation (7, 13, 14) . In the Fisher et aL (13) study, the average V and k were 84 L and 0.29 hr -1 at 8 AM, and were 90 L and 0.32 hr -1 at 4 PM.
For the initial model evaluation, the T cell data from Fisher et al. (13) were evaluated using the previous [Eq. (6) ] and present models. For ease of comparison of the two models, IC5o and kt were not allowed to vary between 8 AM and 4 PM treatments during the fitting process. Previously, these values were not found to be significantly different between treatments when allowed to vary (13) . The experimental and model-fitted data for baseline, 8 AM, and 4 PM helper T-cell numbers are shown for a representative subject in Fig. 2 . The fitted lines generated by the two models were virtually identical. A comparison of the average PCNONLIN-generated parameters can be found in Table I . Only the acrophase (tz), kt, and IC5o values can be directly compared between the two models, as the model parameters Rm and Rb have different units and meanings. The kt values of approximately 0.55 hr -1 are not different; however, the 1C5o values of 11.9 ng/ml for the new model and 7.5 ng/ml for the Dunn model and the Helper T cell counts in six obese men at baseline and following a 0.6 mg/kg dose of methylprednisolone were evaluated as shown in Fig. 3  (7) . In addition, the data for six healthy males following 0, 10, or 40 mg doses of methylprednisolone were also used (Fig. 4) . The helper T cell counts for the individual subjects were averaged at each time point and then used in the model-fitting process. Each subject's data were also fitted separately, and the individual PCNONLIN-generated model parameters were then averaged together. In each case, the baseline and all doses were fitted simultaneously. The graph illustrates the characteristic suppression pattern and return patterns of helper T cells following the intravenous methylprednisolone doses.
The data and fitted curves in Figs. 2-4 may be divided into three distinct areas. Initially following the intravenous bolus of methylprednisolone, the CMp is much greater than the IC5o value, resulting in an I(t) value that approaches 0 [Eq. (2)]. Therefore, the initial part of the curves is determined by dTH =-k t 9 TH (when CMp)> IC5o) (9) This provided the rationale for use of the exponential function (TH = THo" e -kt't) for Eq. (6). As CMp approaches the IC5o value, helper T cells reach a brief equilibrium, the nadir. In the final portion of the curve, the corticosteroid has been appreciably eliminated so that plasma concentrations are well below the 1(75o. Therefore, I(t) approaches 1 in Eq. (2), and the final portion of the curve approaches and reestablishes the baseline values.
The mean model parameters for each of the three studies are listed in Table II . Despite the small number of data points, and the sample of six men per study, it is possible to adequately describe each set of data with five pharmacodynamic parameters. These values are consistent across time, dose, and subjects. No statistically significant differences were detected by ANOVA between studies for any of the model parameters.
Extrapolations
A simulation of the effects of a wide range of methylprednisolone doses on helper T cell disposition was performed (Fig. 5) . As the dosage of steroid increases, the degree of suppression, time to nadir, and time to return to baseline also increase. Following the 1 mg dose, the average IC5o value of 11.9 ng/ml is exceeded for less than a minute, resulting in a relatively short period of helper T cell decline, an early nadir, and a return to baseline values within a 20-hr period. However, with the 500 mg and greater doses, a much greater degree of suppression is observed, with the nadir occurring at about 10 hr postdose, and by 24 hr the cell counts have not yet returned to baseline values. It is interesting to note from the graph that the 1000 mg dose barely increases the degree of suppression but rather prolongs both the time to nadir and the time to return to baseline cell counts.
The overall response to methylprednisolone during a 24-hr period was measured as ABEC (Fig. 6) . With the exception of the 500 and 1000 mg doses, all doses produced responses whose duration were less than 24 hr. The theoretical line is sigmoidal; it is initially flat at low doses, followed by a log-linear segment for doses greater than 10 rag. This log-linear portion The presence of a circadian rhythm of helper T lymphocytes has been noted in several studies (8 -11) . A sine or cosine function has been commonly employed to describe the circadian rhythm. The peak helper T cell count determined by cosinor analysis has been reported to occur between 9 PM and 2 AM (17, 18) . Our average value is 1 AM (Table II) . Seasonal differences may occur in both the amplitude and acrophase of the circadian rhythm (17, 18) . Our laboratory conducted studies (7, 13, 14) during the month of January which promotes consistency among our pharmacodynamic parameters. The similarity of our acrophase values in three studies in normal healthy volunteers suggests that circadian rhythms are reproducible as long as the season and sleep cycles are kept constant.
Corticosteroid effects on lymphocytes are mediated by cytoplasmic receptors (19) . The result is an alteration in the cell trafficking pattern of helper T lymphocytes, with sequestration of these cells within extravascular sites (17) . The exact mechanism of cell redistribution is unclear but may be due to changes in the cell membrane, cell surface, or capillary endothelium (1-3).
Simulations of helper T cell responses to corticosteroids predict that those doses of methylprednisolone producing plasma concentrations in excess of the IC5o value for extended periods of time will result in greater overall suppression compared to smaller doses (see Fig. 5 ). The doseresponse curve (see Fig. 6 ) is actually sigmoidal. For doses less than 10 mg, the increase in response with an increase in dose is less than for those doses greater than 10 mg. Above 10 mg the net response increases linearly with the log AUC of methylprednisolone.
Our laboratory has reported on helper T cell response to intravenous methylprednisolone doses of between 10 and 40 mg. The average data points from these studies are plotted in Fig. 6 , and the points fall relatively close to the theoretical line. A review of Figs, 2-4 shows that both the extent of suppression and duration of suppression increase with increasing steroid doses. Zweiman et al. (3) investigated the effects of a single intravenous 1 mg/kg does of methylprednisolone. Helper T cells were counted at time 0, and at 4 and 24 hr after the dose. Helper T cell counts were significantly lower than baseline values at both the 4-and 24-hr time points. The effect of a single 1-g intravenous dose of methylprednisolone on T lymphocytes was studied in six rheumatoid arthritis patients (20) . The nadir following the dose occurred around 6 hr, and at 24 hr T cell counts were reduced by about 50% compared to the baseline values. Interestingly, the simulated methylprednisolone concentration at 24 hr is approximately equal to the IC5o value. Our simulations for a 1-g dose of intravenous methylprednisolone on helper T lymphocytes results in a similar response pattern.
The concordance of literature results with our simulations suggests that the model is capable of predicting helper T cell response to a broad array of corticosteroid doses. Although the pharmacodynamic model was specifically developed to characterize helper T cell movement, it may be extended to other lymphocyte populations which are also rhythmic. The model can also be applied to describe other physiologic systems that are affected by corticosteroids and demonstrate circadian rhythms in synthesis or secretion of affected compounds. Particular strengths of the present model are the more mechanistically based circadian function, the independence of the pharmacokinetic and pharmacodynamic elements of the model, and the ability to employ identical equations to simultaneously describe the effects of different doses of corticosteroids by adjustment of the initial conditions of the pharmacokinetic equations [Eq. (3)].
